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Pattern formationliummutant unable to induce expression of the prestalk-speciﬁc marker ecmB in
monolayer assays. The disrupted gene, padA, leads to a range of phenotypic defects in growth and
development. We show that padA is essential for growth, and we have generated a thermosensitive mutant
allele, padA−. At the permissive temperature, mutant cells grow poorly; they remain longer at the slug stage
during development and are defective in terminal differentiation. At the restrictive temperature, growth is
completely blocked, while development is permanently arrested prior to culmination. padA− slugs are
deﬁcient in prestalk A cell differentiation and present an abnormal ecmB expression pattern. Sequence
comparisons and predicted three-dimensional structure analyses show that PadA carries an NmrA-like
domain. NmrA is a negative transcriptional regulator involved in nitrogen metabolite repression in Asper-
gillus nidulans. PadA predicted structure shows a NAD(P)+-binding domain, which we demonstrate that is
essential for function. We show that padA− development is more sensitive to ammonia than wild-type cells
and two ammonium transporters, amtA and amtC, appear derepressed during padA− development. Our data
suggest that PadA belongs to a new family of NAD(P)+-binding proteins that link metabolic changes to gene
expression and is required for growth and normal development.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe social amoeba Dictyostelium discoideum provides an excellent
model system for studying basic process of cell differentiation and
pattern formation during development. Although Dictyostelium cells
grow as single celled amoebae, a multicellular cycle, which includes
cell differentiation and morphogenesis, is triggered in response to
starvation. Development starts with the aggregation of individual cells
into mounds in response to cyclic AMP (cAMP) which acts as a
chemoattractant (Escalante and Vicente, 2000). Within the mound,
prestalk and prespore cells differentiate intermingled with one
another (Williams, 1989; Loomis, 1993; Thompson et al., 2004b). At
the slug stage, Dictyostelium has a clear antero-posterior pattern, with
the prestalk and prespore cell types arranged into distinct zones along
this axis. In response to the appropriate signals, prestalk and prespore
cells terminally differentiate and a fruiting body is eventually formed,
consisting of a ball of spores supported by a stalk made of dead cells
(Escalante and Vicente, 2000; Strmecki et al., 2005). The question of, Biomedical Research Founda-
l rights reserved.how pattern formation takes place, by a combination of scattered
differentiation and sorting out, is fundamental to our understanding
of Dictyostelium development.
Prestalk cells are found localized to the anterior 20% of slugs. The
posterior three-quarters of the slug comprise the prespore zone. By
using reporter genes controlled by the regulatory regions of the
prestalk genes ecmA and ecmB, different patterns of gene expression
were established: cells at the very front of the slug (PstA cells), cells in
a central core at the anterior prestalk region (PstAB cells) and cells
immediately posterior to PstA cells but anterior to prespore cells (PstO
cells) (Early et al., 1993; Jermyn et al., 1989; Williams, 2006). There is
an additional population of stalk cell precursors, the anterior-like cells
(ALC), dispersed throughout the developing structure (Devine and
Loomis, 1985; Williams, 2006).
Prespore and prestalk cells have different patterns of gene ex-
pression and respond differently to differentiation signals. It has been
shown that cAMP is essential for both prestalk and prespore diffe-
rentiation (Bonner, 1970; Sobolewski and Weeks, 1988). The expres-
sion of some prespore-speciﬁc genes can be induced by the addition of
extracellular cAMP, suggesting that cAMP is a spore-inducing signal
(Barklis and Lodish, 1983; Mehdy et al., 1983). DIF-1 is a chlorinated
hexaphenone produced by developing Dictyostelium cells that can
drive amoebae to differentiate into vacuolated dead stalk cells (Morris
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the major cell types. In cultured cells, DIF-1 is able to establish a basic
distinction between the prestalk and prespore fates. Expression of
presporemarkers is repressed by DIF-1, while the deﬁningmarkers for
prestalk cells, like ecmA and ecmB, are induced by DIF-1 (Kay and
Jermyn, 1983; Early et al., 1988; Fosnaugh and Loomis, 1989; Early et
al., 1995).
Other signals are at play during D. discoideum development.
Ammonia is produced in large amounts during development by
cellular catabolism and depletion of ammonia causes migrating slugs
to enter culmination immediately (Schindler and Sussman, 1977).
Ammonia is thought to control entry into culmination by regulating
vesicular pH (Davies et al., 1993) and controlling cAMP levels
(Thomason et al., 1998; Kirsten et al., 2005). An increase in cAMP
levels to induce cAMP-dependent protein kinase (PKA) activation
is essential to achieve culmination and terminal differentiation
(Harwood et al., 1992; Thomason et al., 1999). Dictyostelium mutants
defective in ammonium sensing or production display a slugger phe-
notype and remain as slugs for abnormally long periods (Sussman
et al., 1978; Gee et al., 1994). A drop in ammonia concentration, which
induces an increase in cAMP, is needed to induce culmination in these
mutants (Schindler and Sussman, 1977; Gross, 1994). Adenosine is
another developmental signal that plays an antagonistic role to cAMP
in cell differentiation (Theibert and Devreotes, 1984).
Lately, by a combination of microarray data and in situ hybridiza-
tion analyses, stalk cell differentiation has been shown to be far more
complex than previously thought, indicating that the original prestalk
subtypes are further divisible and display heterogeneous patterns of
gene expression (Maeda et al., 2003; Maruo et al., 2004; Yamada et al.,
2005).
To understand how stalk cell differentiation takes place in Dic-
tyostelium and how different signals, both environmental and
intrinsic, crosstalk to generate different cell subtypes, it is vital to
ﬁnd new proteins involved in the process. Taking advantage of
monolayer assays, we have chosen a genetic approach to look for
genes involved in stalk cell differentiation. We have found a new
essential gene, padA, encoding a previously uncharacterized protein
that carries an NmrA-like domain. NmrA is an Aspergillus nidulans
negative transcriptional regulator involved in modulating the activity
of a GATA-type transcription factor, AreA, probably by interfering with
nuclear translocation (Andrianopoulos et al., 1998; Lamb et al., 2004).
AreA is the master gene responsible for nitrogen metabolite repres-
sion in A. nidulans (Kudla et al., 1990; Wilson and Arst, 1998). A key
feature of NmrA is the presence of a NAD+-binding domain, which is
essential for protein function (Stammers et al., 2001; Lamb et al.,
2004). This functional feature deﬁnes a group of NAD(P)+-dependent
proteins that play a regulatory role sensing metabolic parameters (Shi
and Shi, 2004).
Our results suggest that padA encodes a new protein carrying an
NmrA-like domain which is essential for Dictyostelium development,
most notably for the speciﬁcation of the prestalk A cell population,
casting new light on the role of metabolic modulators in PstA cell
differentiation and subsequent entry into culmination.
Material and methods
Cell growth, maintenance and transformation
Dictyostelium discoideum strains Ax2 and padA− were grown
shaken in axenic medium as described (Watts and Ashworth, 1970)
and on SM plates in association with Klebsiella aerogenes (Sussman,
1987). Incubation temperatures are indicated in each case.
Transformation was carried out by electroporation as pre-
viously described (Pang et al., 1999). Transformants of Ax2 and
padA− were selected in axenic medium supplemented with 10 μg/
ml and 5 μg/ml G418, respectively. When selecting padA− trans-formants with 10 μg/ml G418, few and slowly growing transfor-
mants were obtained. We conﬁrmed that expression of dev-
elopmental markers was identical in padA− transformants selected
at both concentrations and routinely used 5 μg/ml to select for
padA− transformants. All analyses were done with pools of mixed
transformants.
Spore viability after detergent and heat treatments was evaluated
as previously described (Nuckolls et al., 1996; Shaulsky and Loomis,
1993).
REMI mutagenesis and mutant screening
REMImutagenesis was performed as described (Kuspa and Loomis,
1992) on Ax2/ecmB:lacZ. Independent pools of transformants were
selected with 10 μg/ml of blasticidin and cells plated at various
dilutions in 96-well plates to isolate clones. A total of 9230 clones
were analysed for ecmB:lacZ induction in response to DIF-1 in
monolayer assays in the presence of 50 mM cerulenin to block
endogenous DIF-1 production, as described (Seraﬁmidis and Kay,
2005). Non-responding clones were isolated and stored.
Monolayer assays for stalk cell differentiation in the presence of
8-Br-cAMP, were performed as described (Seraﬁmidis and Kay, 2005).
Plasmids and padA− construction
The GenBank Accession Number for the nucleic acid sequence of
the coding region of padA is XP637720. Two standard disruption
vectors, in which the padA ORF was replaced by the blasticidin resis-
tance cassette (bsr), were constructed in Bluescript II KS (Invitrogen),
with different 5′ (312 bp or 923 bp) and 3′ (890 bp or 1130 bp)
ﬂanking regions. The linearized vectors were transformed by elec-
troporation in Ax2 cells. No homologous transformants were
obtained. A new vector where the bsr cassette disrupted the padA
gene close to the C-terminus was constructed. The entire padA−
coding sequence and intron (1166 base pairs), together with extra 5′
and 3′ ﬂanking sequences (312 and 890 bp, respectively) were
ampliﬁed by PCR from genomic DNA and cloned in pGEMt Easy vector
(Promega) according to the manufacturer's instructions. Insertion of
the bsr cassette was performed by in vitro transposition as described
(Abe et al., 2003). The linearized vector was transformed in Dictyos-
telium cells by electroporation to generate the padA− strain. Three
independent isolates were conﬁrmed by PCR using one primer within
the selection cassette and one primer in the padA gene external to the
integration site.
The same plasmid was used to generate the vectors carrying
marked alleles of padA with or without a stop codon. We replaced a
1.2 kb AhdI–AhdI fragment of the plasmid with an identical frag-
ment engineered to contain a silent AatII restriction site alone, or
followed by an in-frame stop codon, at amino acid position 32. Both
plasmids were introduced in wild-type cells and homologous re-
combinants were isolated and examined for the presence of the
AatII site by PCR. After transformation, cells were plated at various
dilutions in 96-well plates, in axenic medium supplemented with
blasticidin (10 μg/ml). When conﬂuent, resistant clones were picked
and screened for changes at the padA locus by PCR with appropriate
primers.
Gene constructs were made in pDXA (Manstein et al., 1995), which
contain the constitutively active actin15 promoter. The whole padA
coding region was ampliﬁed by PCR using the primers GGAAGATC-
TATGCAAACAAATATTACTTCAACAAAAATGTC and GCCCTCGAGATTTTT-
TTTTTTGTTTATCTATTAAAATTAAAAAC. To express the truncated pro-
tein lacking the C-terminal 25 residues (PadAD276) we used the
primers GGAAGATCTATGCAAACAAATATTACTTCAACAAAAATGTC and
ACGCGTCTCGAGTTAATCATGACCAGTGATTTCATTAACAC. To engineer
the amino acid change T18V, we used QuickChange Site-Directed
Mutagenesis Kit (Stratagene) with the primers GTAACTGGTGGAG-
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constructs were veriﬁed by sequencing.
Plasmids for the prestalk- and prespore-speciﬁc promoters ecmA,
ecmO, ecmAO, ecmB, carB and pspA and actin15:GFP were kindly
supplied by D. Traynor and R. Kay.
Normal development and submerged streaming
For normal development, exponentially grown cells were washed
in KK2 (16.5 mM KH2PO4, 3.9 mM K2HPO4, 2 mM MgSO4, pH 6.2) and
plated on KK2-agar (1.8%, Oxoid L28) or on Millipore ﬁlters
(HABP04700) at a density of 8×105 cells/cm2. Filters were placed on
top of cellulose pads soaked in KK2 or water. Plates were incubated at
22 °C or 27 °C until the desired stage of development was reached.
Where stated, NH4Cl or imidazol were added at the indicated
concentrations to the KK2 buffer.
For submerged streaming, cells werewashed and plated in KK2 (no
MgSO4) at 0.8–2.5×104 cells/cm2, in tissue culture plates. Plates were
incubated at 8 °C for 16 h and then transferred at 22 °C for another 4–
6 h. Streaming morphology was examined under phase-contrast
microscopy.
Ammonia levels in the soaking pads were determined using a
colorimetric test from Merck (Aquamerk Ammonium Test). Cellulose
pads were incubated for 20 min in 30 ml of water to allow diffusion of
ammonia. Concentration of ammonia in the solution was then
determined according to the manufacturer's instructions.
Whole-mount lacZ staining
Exponentially growing cells were set to develop on KK2 ﬁlters at
both temperatures. Developing structures were bulk-harvested by
washing from plates with 1% gluteraldehyde in Z-buffer (60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4 and 2 mM
MgCl2), and were ﬁxed in this solution for 5 min. They were then
washed twice in Z-buffer, and incubated in staining solution (Z-
buffer containing 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide and 1 mM X-gal) at 37 °C. Stained slugs were photo-
graphed directly. We always compared specimens that have
reached the same stage of development at 22 °C and 27 °C, and
incubated them in the staining solution for exactly the same time.
With the cell type speciﬁc markers used in this work, we never
observed any differences between development at 22 °C and 27 °C
for Ax2 cells.
In situ hybridization
In situ hybridization was done as previously described (Escalante
and Loomis, 1995). Plasmids for riboprobes were kindly provided by
R. Escalante (ecmA and ecmB) and J. Kirsten and C. Singleton (amtC).
Specimens analysed by in situ hybridization and β-galactosidase
were photographed under a Leica MZ9 stereomicroscope with a Leica
DFC 320 camera.
RT-PCR
RNA was isolated from growing cells or at various stages during
development using Trizol (Sigma) and following the manufacturer's
instructions. cDNA was generated with Superscript™ II Reverse
Transciptase (Invitrogen) following the manufacturer's instructions.
Semi-quantitative PCR was carried out as described (Pang et al.,
2007). Primers were designed to ﬂank short genomic sequences
(around 200 bp) of the padA, amtA and amtC genes. rnlA, the
mitochondrial large subunit rRNA, was used as a control. All
mRNAs could be detected with 0.05–0.1 μg of RNA as template,
except padA mRNA. We needed 5–10 μg of template to detect padA
expression.Modelling of the PadA protein
The threading methods used to obtain the three-dimensional
model for PadA were 3D-PSSM (Kelley et al., 2000), FUGUE (Shi et al.,
2001), FFAS (Rychlewski et al., 2000) and HMM (Karplus et al., 1998).
Similarity and domain searches were performed using standard
programs.
Results
Isolation of the padA− mutant
In an attempt to get a better understanding of stalk cell diffe-
rentiation and to identify new proteins involved in the pathway, we
designed a screen for the isolation of mutants defective in DIF-1
induced responses. Employing a suitable β-galactosidase reporter
assay, we measured DIF-1-induced expression of the prestalk-speciﬁc
construct ecmB:lacZ in submerged monolayers and in the presence of
cerulenin to block DIF-1 biosynthesis (Kay et al, 1989; Thompson et al.,
2004a; Seraﬁmidis and Kay, 2005). The assay was performed in a high-
throughput form to a total of 9230 independent transformants created
by REMI mutagenesis (Kuspa and Loomis, 1992). Twenty-ﬁve mutants
that failed to fully induce the ecmB promoter in the presence of
100 nM DIF-1 were isolated for further study.
One of the isolated mutants showing also developmental def-
ects had a single plasmid integration disrupting a previously un-
characterized gene (padA; for prestalk A differentiation, see below,
DDB0266469) encoding a 301 amino acid protein of unknown func-
tion. The plasmid integration point, identiﬁed by inverse PCR (Keim
et al., 2004), disrupted the putative protein at amino acid position
241.
Despite several attempts, we were unable to generate a total
deletion of the entire padA gene by homologous recombination in the
wild-type background using two different standard disruption
constructs where the padA ORF was replaced by the blasticidin
resistance cassette. A large number of blasticidin-resistant clones
(more than 100 independent clones and over 500 clones in mixed
populations) were analysed by diagnostic PCR, however none of them
had the padA gene knocked out. This result most likely reﬂects an
exceptionally low frequency of homologous recombination at this
particular locus or the possibility of padA being an essential gene.
To further investigate the possibility that padA might be essential
for viability, we followed the strategy described by Thompson and
Brestcher (2002) for the nsfA gene. We constructed two identical
gene-replacement vectors both marked with a silent restriction site
(AatII, at amino acid position 32) andwith or without an in-frame stop
codon after the restriction site. Both plasmids were electroporated in
Ax2 cells and homologous recombinants were isolated and examined
for the presence of the AatII restriction site. All homologous
recombinants (6/6) obtained with the construct without the in-
frame stop codon carried the silent restriction site, while none of the
homologous recombinants (0/5) obtained with the construct includ-
ing the in-frame stop codon had it. This indicates that homologous
recombination is indeed possible at the padA locus, thus supporting
the hypothesis that padA is an essential gene.
To recapitulate the disruption present in the original REMI mutant
as closely as possible, we employed the in vitro transposition method
(Abe et al., 2003) and selected a gene-disruption vector in which the
transposon disrupted the protein at amino acid position 276. Three
independent clones were isolated and homologous integration at the
padA locus was conﬁrmed by diagnostic PCR and Southern hybridiza-
tion (Seraﬁmidis, 2003). These transformants were phenotypically
identical and designate the padA− allele used throughout this work
and referred to thereof. As expected, DIF-1-dependent induction of
the ecmB:lacZ construct is absent in the padA− recapitulated back-
ground (Fig. 1A).
Fig. 2. padAmRNA is expressed during vegetative growth and development. (A) RT-PCR
analysis of a developmental time course. Ax2 cells were harvested at the indicated
times during development at 22 °C and total cellular RNA was extracted. (B) RT-PCR
analysis of padA−. Total RNA was extracted from exponentially growing Ax2 and padA−
cells. All samples were analysed by RT-PCR for padA expression. As a positive control,
samples were analysed for rnlA levels.
Fig. 1. padA− is defective in cell differentiation in vitro. Monolayer assays in Ax2 and
padA− backgrounds. (A) DIF-1 induction of the prestalk marker ecmB/lacZ. (B) DIF-1
induced stalk cell differentiation in monolayer assays in the presence of 8-Br-cAMP. (C)
Spore formation in monolayer assays in the presence of 8-Br-cAMP. Results are averages
and standard deviations of three independent experiments, with each assay performed
in triplicate.
Table 1
Proposed template structures obtained from four threading methods
Method Template Fold Score
FUGUE Biliverdin IX beta Reductase (PDB id: 1HDO) SDRa Z-SCOREb=25.52




Tip30 (PDB id: 2BKA) SDR Z-SCORE=20.43






Biliverdin IX beta Reductase (PDB id: 1HDO) SDR e-value=2e-16
NmrA (PDB id: 1K6I) SDR e-value=2.3e-15
FAS03 Quinone oxidoreductase (PDB id: 1YF7) SDR scored=−62.9






Unknown protein (Arabidopsis thaliana)
(PDB id: 1YBM)
SDR score=−47.4
Biliverdin IX beta Reductase (PDB id: 1HDO) SDR score=−46.3
NmrA (PDB id: 1K6I) SDR score=−42.9
HMM Unknown protein (Arabidopsis thaliana)
(PDB id: 1YBM)
SDR Ee=1.12e-18
N12G and A18G mutant NmrA (PDB id: 1XGK) SDR E=1.95e-17
dTDP-glucose 4,6-dehydratase (PDB id: 1R6D) SDR E=1.25e-16
NmrA (PDB id: 1K6I) SDR E=1.6e-16
Tip30 (PDB id: 2BKA) SDR E=2.9e-16
a Short-chain dehydrogenase/reductase.
b Z-SCORE≥6.0 (99% conﬁdence).
c e-value must be as low as possible, estimated precision was 100%.
d score b−9.5 means signiﬁcant values.
e Eb1e−5 likely to have the same fold.
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DIF1-induced ecmB expression will be impaired in stalk cell
differentiation. We examined DIF1-induced stalk cell formation in
the padA−mutant using 8-Br-cAMPmonolayer assays (Seraﬁmidis and
Kay, 2005). padA− showed a delay in stalk cell formation, and while
Ax2 mature stalk cells appeared in the monolayers after 24–30 h of
incubation, padA− stalk cells were formed after 40–48 h of incubation.
The mutant also showed a modest but reproducible decrease in stalk
cell formation in the presence of 100 nM DIF-1 (Fig. 1B). A similar
result was obtained in monolayer assays in which cells are initially
brought to competence to respond to DIF-1 by treatment with cAMP,
followed by its removal and subsequent incubation in the presence of
DIF-1 (data not shown; Thompson and Kay, 2000).
Apart from the classic DIF-insensitive mutants, our screen is also
likely to select for mutants defective in cAMP responses that will not
be competent to respond to DIF-1 induction. Indeed, padA− shows
lower ecmB:lacZ expression even in the absence of DIF-1 (Fig. 1A),which could reﬂect a defect in cAMP responses. We also tested padA−
ability to form spores in monolayer assays in the presence of 8-Br-
AMPc and in the absence of DIF-1 (Thompson and Kay, 2000). Under
these conditions, only 50% of the padA− amoebae were able to diffe-
rentiate to mature spores (Fig. 1C), suggesting that the mutant is
generally impaired in cell differentiation.
The padA gene is developmentally regulated
Searches in databases to ﬁnd padA cDNA clones were unsuccessful.
We were also unable to detect padA mRNA on Northern blots with
20 μg of total RNA or on developing structures by in situ hybridization,
possibly indicating a transcript of very low abundance. RT-PCR
analysis performed on RNA extracted from vegetative cells and during
Ax2 development revealed that padAmRNAwas present during vege-
tative growth, decreased at the beginning of development, displaying
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at the onset of culmination (Fig. 2A).
Low levels of padA mRNA were also detected in the padA− mutant
during vegetative growth (Fig. 2B). This indicates that the disrupted
transcript is unstable, and suggests that low levels of a truncated PadA
protein are presumably present in the mutant.
The padA gene encodes a protein carrying an NmrA-like domain
The padA gene encoded an unknown protein of 301 amino acids.
Similarity searches using standard programs predicted that PadA
belongs to the NAD(P)+-binding Rossmann-fold domain superfamily.
Pair-wise sequence alignment showed that PadA shared around 30%
sequence similarity to proteins included in the short-chain dehydro-
genase/reductase (SDR) family (Jornvall et al., 1995). SDRs form a large
protein family that contains two characteristic structural motifs, one
involved in the catalytic mechanism and another involved in the
dinucleotide binding (Oppermann et al., 2001).
As similarity search programswere insufﬁcient to assign a function
to PadA and the structure of more than 50 SDR proteins had been
solved, we used a threading approach to predict PadA three-
dimensional structure. All the programs used provided a list of hits
with known three-dimensional structures belonging to the SDR family
(Table 1). Despite the low levels of sequence identity (10–30%), the 3D
structures were very similar, consisting on a N-terminal Rossmann-
fold domain that binds the dinucleotide (NAD(P)+) and a C-terminal
domain that accounts for the functional heterogeneity of the family,
which includes proteins with catalytic activities and others with
regulatory properties (Stammers et al., 2001; Oppermann et al., 2003).Fig. 3. PadA bears the SDR family characteristic structural motifs. (A) Sequence alignment o
improved by hand. * indicates the residue mutated in PadAT18V. The C-terminus residue of
show the overall structure of both proteins. The nucleotide-binding motif is represented in ye
is displayed in pink. NAD+ cofactor is represented as a green stick within the NmrA ribbonNmrA outperformed the rest of the proposed templates and appeared
at the top rank in all the results given by the different methods (Table
1). NmrA is a negative transcriptional regulator involved in nitrogen
metabolite repression through interaction with a GATA-type tran-
scription factor, AreA, in Aspergillus nidulans (Andrianopoulos et al.,
1998).
PadA showed a 15% sequence identity and 38% similarity to NmrA
scattered along the sequence (Fig. 3A). The overall organization of
parallel β-sheets and α-helices of both proteins is identical (Fig. 3B).
For bi-domain SDR proteins, the characteristic nucleotide-binding
motif is GlyXXGlyXXGly (Mulichak et al., 1999), which is perfectly
conserved in PadA (residues 16–23, yellow in Figs. 3A, B). NmrA lacks
the characteristic nucleotide-binding motif, having instead the NAD+-
binding sequence NXTGXXA (residues 12–18, yellow in Figs. 3A, B).
The crystal structure of NmrA in complexes with NAD+ has highlighted
residue T14 as being essential for the interaction (Fig. 3A; Stammers et
al., 2001). A mutant NmrA protein carrying a T14V mutation had very
low afﬁnity for dinucleotides (Lamb et al., 2004).
SDR proteins have a conserved sequence, responsible for the
enzymatic activity (Mulichak et al., 1999). NmrA has replaced the
catalytic residue in the YXXXK motif positioned on helix alpha 5 with
MXXXK (red in Figs. 3A, B). The presence of a non-catalytic methionine
strongly suggests that NmrA cannot be an active dehydrogenase of the
SDR type (Stammers et al., 2001). PadA also presents a non-catalytic
motif VXXXK (residues 121–125, red in Figs. 3A, B). All other SDR
proteins with signiﬁcant scores as suitable templates in the threading
experiments have the conserved YXXXK catalytic motif.
The proposed region in NmrA for interaction with the GATA-
transcription factor AreA includes a cluster of three charged residuesf PadA and NmrA proteins. The alignment was done using the program ClustalW and
the truncated protein PadAD276 is shown (bold and underlined). (B) Ribbon diagrams
llow. The (non) catalytic region is coloured in red and the putative GATA interacting site
diagram.
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in PadA (residues 178H and 179D, pink in Figs. 3A, B).
PadA shares a 38% sequence similarity with Nmr-1, the NmrA
homologue present in Neurospora crassa (Fu et al., 1988). Nmr-1 is also
involved in nitrogen metabolite repression through interaction with
the GATA-transcription factor, Nit-2 (Fu andMarzluf,1990). It has been
shown that the introduction of stop codons into nmr-1 leading to the
loss of a highly conserved C-terminal region between Nmr-1 and
NmrA, completely abolished protein function (Pan et al., 1997). This
conserved C-terminal region, which is also present in PadA with a
50% sequence identity (residues 278–288; Fig. 3A), is lost in the
padA− mutant.
Developmental phenotype of the padA− mutant
To investigate the developmental phenotype of padA−, mutant and
wild-type cells were deposited on buffered agar. Fig. 4A compares
padA− with its parent wild-type strain Ax2 at various stages during
development. The beginning of development appeared normal, but
themutant is quickly left behind during aggregation compared to Ax2.
When Ax2 cells reached the tipped mound stage (14 h), padA− cells
were still aggregating and forming streams, which often broke down
into small independent aggregates. Mound formation in padA− was
completed after about 18 h of development, when Ax2 cells were
already in the slug stage. After 24 h, when Ax2 cells have concluded
development and formed mature fruiting bodies, padA− cells have just
formed slugs, which appear smaller in size but otherwise fairly
normal-looking (Fig. 4A). padA− slugs remained as such for a long
time, it was not until 30 h of development that padA− slugs becameFig. 4. Development of padA− and Ax2 at 22 °C and 27 °C. padA− and Ax2 cells were set to dev
development was delayed compared to Ax2, aggregation took almost 18 h and slugs remain
development is signiﬁcantly delayed and arrested before culmination.upright and eventually matured into normal, though fairly short and
sparse, fruiting bodies (Fig. 4A). Spore viability was compromised in
the mutant, though spores appeared normally shaped. Spores were
treated with detergent and, after heating at 42 °C, they were plated on
SM plates in association with bacteria. Almost 100% of the wild-type
spores remained viable, whereas only around 20% of the mutant
spores were resistant to the treatment.
This developmental delay of padA− was also conﬁrmed by
examining the expression of the major prestalk (ecmA, ecmB) and
prespore (pspA) genes by Northern blots from RNA samples collected
at several developmental time-points (not shown).
The padA− mutant displayed a pleiotropic phenotype and showed
slower vegetative growth in axenic cultures. Cell-doubling time
increased from 10±0.3 h in the parental strain to 14.4±0.2 h in the
mutant. We believe that padA is an essential gene, and since our
mutant is not a complete knock out there must still be some residual
protein function there. We therefore reasoned that under more
strenuous conditions (i.e. higher temperature) the consequences of
the padA disruption would be more severe. Accordingly to our
hypothesis, padA− was unable to grow at 27 °C in axenic cultures,
while Ax2 cell-doubling time remained around 10 h.
We subsequently examined the development of padA− cells
grown at 22 °C and set to develop on buffered agar at 27 °C (Fig.
4B). While Ax2 development was essentially identical at both tem-
peratures, (maybe slightly faster at 27 °C, not shown), padA− dev-
elopment at 27 °C was arrested around culmination and no fruiting
bodies were formed. padA− cells started streaming after 18 h, and
only half of the cells reached the mound stage at 24 h and formed
slugs at 32 h (Fig. 4B). These slugs then formed upright ﬁngers,elop on buffered agar at the permissive and restrictive temperature. (A) At 22 °C, padA−
ed as such for more than 6 h. Culmination was achieved after 32 h. (B) At 27 °C, padA−
Fig. 5. padA− is impaired in fruiting body formation and aggregation. (A) padA− terminal
structure formed after 48 h at 27 °C. (B) Cells inside a padA− terminal structure formed
at 27 °C and crushed in KK2 buffer. (Lower panels) Submerged aggregation of Ax2 and
padA− cells in the absence of cAMP at 22 °C.
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fruiting bodies. As a result, a few twisted, rough-looking structures
with large basal discs could be seen standing on the agar after 48 h
(Fig. 5A). High power microscopic examination of the terminal padA−
structures, and squashes derived from them, showed that these
structures did not contain any mature spores or stalk cells (Fig. 5B).
We never found any normal-looking fruiting body at 27 °C even after
4 days of incubation. The developmental phenotype of padA− was
more extreme when cells were starved on non-buffered agar (not
shown).
As aggregation was slower in the padA− mutant, we compared the
streaming behaviour of padA− and Ax2 cells submerged in starvation
buffer at low cell density. After 16–20 h of incubation, Ax2 cells formed
large and compact streams with clearly deﬁned aggregation centres
and the characteristic whirl-like pattern of cells moving towards the
aggregates. Under the same conditions, padA− cells appeared
disorientated and not all of them actually participated in the
streaming process. Aggregation centres were fewer, more diffuse,
the streams were smaller and much less deﬁned (Fig. 5, lower panels).
This abnormal morphology was maintained without improvement
even after 48 h of incubation, when streams ﬁnally broke down and
dissolved irreversibly.
Complementation of the padA− phenotype
Constitutive expression of the full-length wild-type padA gene
under the actin15 promoter in the padA− background fully comple-
mented the mutant phenotype. Transformants could grow in axenicFig. 6. Complementation of padA− phenotype. Developmental morphology of padA−, padA−
under standard conditions at 27 °C and photographed after 24 h. Constitutive expression ofmedium at wild-type rate, they displayed normal development and
formed proper fruiting bodies, both at 22 °C and 27 °C (data not shown
and Fig. 6). Our results suggest that the padA− allele encodes a
truncated protein (PadAD276) that retains some function. PadAD276
constitutive expression did not rescue the padA− mutant phenotype
(not shown), suggesting that the carboxy-terminus is essential for
proper PadA function. Constitutive PadAD276 expression had no effect
on Ax2 vegetative growth or development, at any condition tested
(not shown and Supplementary Fig. S1), ruling out the possibility that
PadAD276 could behave as an aberrant protein able to cause the
mutant phenotype.
To further strengthen our argument that PadA is functionally
similar to NmrA, we constructed a padA− full-length allele that
contained a mutation in a conserved residue, T18, predicted to be
essential for NmrA dinucleotide binding (see Fig. 3A; Lamb et al.,
2004). Overexpression of PadAT18V did not complement any of padA−
phenotypic defects. Vegetative growth was not rescued (not shown)
neither the developmental blockage at 27 °C (Fig. 6). This result
suggests that dinucleotide binding is necessary for PadA function.
padA− is defective in PstA cell differentiation at 27 °C
In order to analyse cell differentiation, we transformed padA− and
Ax2 cells with a number of prestalk- or prespore-speciﬁc lacZ reporter
gene constructs: ecmA:lacZ, ecmO:lacZ, ecmAO:lacZ, carB:lacZ and
pspA:lacZ, each deﬁning a particular cell subtype (Early et al., 1993;
Williams, 2006). We analysed their expression at the slug stage, when
the differentiation pattern is established, at 22 °C and 27 °C. The
spatial expression pattern of all these markers in Ax2 slugs was
identical at 22 °C and 27 °C (data not shown) and in padA− slugs at
22 °C (Fig. 7A). Expression of the prestalk-speciﬁc marker ecmO:lacZ
(PstO region) and the prespore-speciﬁc marker pspA:lacZ were
unaffected in the mutant at both temperatures (Fig. 7A and not
shown). Expression of the ecmA:lacZmarker (PstA region), in the most
anterior region of the slug, is apparently identical in the padA−mutant
and Ax2 at 22 °C. However, ecmA:lacZ expression is absent in padA− at
27 °C (Fig. 7A). This failure to direct ecmA:lacZ induction is also
noticeable with the ecmAO:lacZ (PstAO) construct, where the tip of the
slug remained unstained at 27 °C, while the immediately posterior
zone (PstO) was unaffected (Fig. 7A). Overall, we were never able to
detect any lacZ staining in the tip of padA− slugs formed at 27 °C with
the ecmA:lacZ or ecmAO:lacZ marker constructs.
To determine if the expression of other prestalk genes in the PstA
region were affected in the padA− mutant, we analysed the
expression of the cAMP receptor carB. Wild-type expression of the
carB:lacZ marker is restricted to a subset of ecmA-expressing cells
in the prestalk region of the slugs (Saxe et al., 1996). Ax2 slugs, both
at 22 °C and 27 °C showed correct carB:lacZ expression (not shown).
In padA− slugs, carB-expressing cells were localized to the most
anterior region at both temperatures (Fig. 7B). While carB:lacZ
expression was homogeneous in padA− slugs at 22 °C, carB:lacZ
expression at 27 °C was visible in a smaller area and was stronger/A15:padA and padA−/A15:padAT18V. Cells of each strain were plated for development
the mutant protein did not rescue padA− developmental defects at 27 °C.
Fig. 7. Analysis of prestalk-speciﬁc gene expression at the slug stage in padA−. Whole-mount β-galactosidase staining of padA− cells transformed with different prestalk reporter
constructs in slugs at 22 °C (24 h) and 27 °C (36 h) (A, B). Whole-mount in situ hybridization of prestalk genes in Ax2 and padA− slugs (C). (A) Expression of the prestalk-speciﬁc
markers ecmA (PstA), ecmAO (PstAO), ecmO (PstO) and ecmB (PstAB) in padA− slugs at 22 °C and 27 °C. (B) Expression of the prestalk marker carB in padA−, at both temperatures. (C)
Whole-mount in situ hybridization of ecmA and ecmB on Ax2 and padA− slugs developed at 27 °C.
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shows that not all the genes expressed in the PstA region are absent
in the mutant at 27 °C.
To properly assess the defect in ecmA gene expression, we
performed in situ hybridization in Ax2 and padA− slugs, both at 22 °C
and 27 °C. At the permissive temperature, ecmA expression in padA−
was delayed but properly localized in mounds (Supplementary Fig.
S2) and slugs (not shown). At the restrictive temperature, ecmA ex-
pression was lost in the padA− slug while it was normally expressed
in Ax2 (Fig. 7C). We could detect a few scattered cells faintly stained
in the slug, but there was no ecmA expression in the prestalk region
of the anterior part of the slug (Fig. 7C). A simple explanation for the
β-galactosidase staining detected with the ecmO:lacZ and ecmAO:
lacZ markers in the PstO region of padA− slugs could be that ecmA
expression is very low, not detectable by in situ hybridization,
but detectable in transformants carrying many copies of the lacZ
markers.
ecmB is not correctly expressed in padA− slugs at 27 °C
To complete our analysis on prestalk cell subtypes in padA−, we
analysed the expression pattern of the prestalk marker ecmB. Ex-pression of the ecmB:lacZ construct was reduced in padA− slugs at
22 °C, but localized in the small cone of prestalk cells, the PstAB region
(Jermyn et al., 1989; Ceccarelli et al., 1991; Williams, 2006). This
expression is lost in padA− slugs at 27 °C, where only a few cells
expressing ecmB:lacZ appeared scattered in the prespore region (Fig.
7A). This patternwas further conﬁrmed by in situ hybridization. Wild-
type slugs formed at 27 °C exhibited normal ecmB expression in the
PstAB region (Fig. 7C). At this temperature, padA− slugs showed
scattered ecmB expression in the prespore and PstB regions, but no
expression in the inner cone of the prestalk region (Fig. 7C). The few
ecmB-expressing cells that appeared scattered throughout the padA−
slug at 27 °C, mainly in the prespore region, were not present in
the Ax2 slug. Further experiments will be necessary to determine
whether this is due to ecmB derepression in the anterior-like cells or
mislocalization of pstAB cells (Fig. 7C).
Ax2 cells sort to the PstA region of Ax2: padA− chimeric slugs
We tested whether the padA− mutant developmental phenotype
could be rescued when developed in chimeras with wild-type cells.
When padA− and wild-type cells were plated in mixtures of varying
composition and formed chimeric multicellular structures, the over-
Fig. 8. padA− cells are excluded from the PstA region of the slug in chimaeras with Ax2 at
27 °C. We mixed padA− cells with 5% GFP-expressing Ax2 cells and set them to develop
at 27 °C (A and C) and 22 °C (B and D). Photographs of slugs (A and B) and early
culminants (C and D) were taken under a ﬂuorescence stereoscope.
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type (not shown). So, equal mixtures of the two cell types gave rise
to intermediate behaviour. It was not possible to correct padA−
developmental defects at 27 °C in a simple non-autonomous
fashion.
In a similar set of experiments, we used a small proportion (5%) of
wild-type cells constitutively expressing a green ﬂuorescent protein
(actin15:GFP) mixed with padA− cells. We set the chimeras to develop
at both temperatures and subsequently followed the cell fate choices
of the wild-type population. As shown in Fig. 8, at 22 °C Ax2 cells were
homogeneously distributed throughout the slug and the early
culminant (Figs. 8B, D) whereas at 27 °C, Ax2 cells sorted out to the
front (PstA zone) of the chimeric slugs (Fig. 8A). It appeared therefore
that, at the restrictive temperature, padA− cells were not able to reach
the PstA region of chimeric slugs andwere therefore replaced bywild-
type cells. However, this sorting behaviour is not maintained in later
stages of development, and the structures formed after 36 h of
development at 27 °C showed a homogeneous distribution of
ﬂuorescent cells (Fig. 8C). Conﬁrming our previous observations, this
result also implies that padA− is defective in the correct speciﬁcation of
the PstA population during the slug stage.Fig. 9. padA− is sensitive to the presence of ammonia during development. Ax2 and padA− cel
and incubated for 24 h at 22 °C (A) and 48 h at 27 °C (B). Three independent experiments wpadA− is sensitive to ammonia during development
High levels of ammonia have been reported to inhibit culmination
(Schindler and Sussman, 1977) probably modulating PKA activity
(Hopper et al., 1993). This inhibition is the result of the neutralization
of an intracellular acidic compartment caused by the action of
ammonia and other weak bases (Davies et al., 1993). The padA−
mutant displayed a number of defects during development and is
particularly affected around culmination. At 22 °C, padA− behaved as a
mild slugger since it persisted in the slug stage for up to 6 h, much
longer than the Ax2 wild-type strain. This delay at the beginning of
culmination could be the consequence of a larger ammonium
production or a higher sensitivity to it. We measured the amount of
ammonia released during development on ﬁlters to the underneath
cellulose pads and found no signiﬁcant difference between Ax2 and
padA− cells (not shown). To test ammonium sensitivity, we set Ax2 and
padA− cells to develop in the presence of increasing ammonia
concentrations. At both temperatures, Ax2 development was only
inhibited with concentrations over 100 mM NH4Cl (not shown). Ax2
cells were able to develop normally in the presence of 50 mM NH4Cl,
while padA− cells formed few small fruiting bodies at 22 °C and failed
to form tight mounds at 27 °C (Fig. 9). As expected, padA− cells were
also sensitive to the presence of other weak bases and the addition of
10 mM imidazol during development severely impaired fruiting body
formation at 22 °C (Supplementary Fig. S3).
Ammonium transporters are derepressed during development in the
padA− mutant
Strains deleted for nmrA in A. nidulans displayed partial derepres-
sion of activities subject to nitrogen metabolite repression (Andria-
nopoulos et al., 1998) and the same phenotype has been reported for
nmr-1 mutants in Neurospora crassa (Jarai and Marzluf, 1990). Both
Nmr-1 and NmrA have been shown to interact with the GATA-binding
proteins Nit-2 and AreA, respectively, modulating their regulatory
functions (Xiao et al., 1995; Lamb et al., 2003; Lamb et al., 2004). Some
padA− phenotypic features, like the weak-base sensitivity exhibited
during development and the prolonged slug stage at 22 °C, suggested
to us that genes involved in the slug/culmination choice could be
deregulated in the padA− mutant.
In Dictyostelium, two ammonium transporters have been shown to
be involved in the slug/culmination choice, amtA and amtC, though
their precise role has not been yet determined (Kirsten et al., 2005;
Singleton et al., 2006). Previous analysis showed that mRNA levels ofls were developed on ﬁlters placed on buffer soaked pads with or without 50 mMNH4Cl
ere carried out.
Fig. 10. Expression of the ammonium transporters in Ax2 and padA− at 27 °C. Developmental structures from both strains were collected after various times of development and RNA
was isolated for RT-PCR analysis (A), or structures were ﬁxed for amtC in situ hybridization (B). RT-PCR of rnlAwas used as an internal standard. The time-points taken for the RT-PCR
analysis are: v, vegetative cells; a, aggregation; m, mound; s, slug; ls, late slugs (padA− does not culminate); ec, early culminants.
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multicellular development in a relatively constant fashion (Follstaedt
et al., 2003). Spatial gene expression analysis during development
showed that amtCwas transiently expressed at the anterior tip of ﬁrst
ﬁngers and slugs (Follstaedt et al., 2003). Analysis of amtA and amtC
promoters to ﬁnd potential transcription factor binding sites gave
putative nit-2 binding sites with reasonable accuracy. All these data
together led us to believe that both genes were good candidates to be
regulated by PadA.
We examined by semi-quantitative RT-PCR the mRNA levels of
amtA and amtC during development at 27 °C, both in Ax2 and padA−
(N. B. Cells are grown at 22 °C and set to develop at 27 °C, because
padA− cannot grow at 27 °C). In the wild-type strain, both transcripts
were expressed during vegetative growth and appeared repressed
during development at 27 °C. Repression of the amtA transcript
appeared later in development and is less noticeable, while amtC
expression was clearly repressed since the beginning of development
in Ax2 (Fig. 10A). The repression of both ammonium transporters is
lost in the padA− mutant during development at 27 °C (Fig. 10A). The
amtC transcript showed a clear derepression since the beginning of
development that was also detected in padA− mounds by in situ
hybridization (Fig. 10B).
Discussion
We have identiﬁed a new gene involved in cell differentiation and
development in D. discoideum, padA, using a selection method based
on the requirement of DIF-1 and cAMP for expression of the ecmB:lacZ
marker in monolayer assays (Seraﬁmidis and Kay, 2005). Other genes
involved in stalk cell differentiation had been identiﬁed using in vitro
selection techniques (Thompson et al., 2004b; Lam et al., 2008).
Monolayer assays are not equivalent to in vivo cell differentiation, at
least cell–cell contact andmorphogen gradients are lost, but they are a
valuable tool to ﬁnd new genes involved in cell differentiation.
Our results strongly suggest that padA is essential for viability. We
were unable to replace the wild-type gene with an allele carrying an
early stop codon, while gene replacement occurred at the padA locus.
The hypomorphic allele padA− encodes a C-terminal truncated protein,
PadAD276, which probably retains some activity that allows slow
vegetative growth and extended development. However, constitutiveexpression of this truncated protein did not rescue the mutant
phenotype, indicating that the C-terminal end of the protein is
essential for function. At 27 °C, this residual activity is lost, thus
preventing vegetative growth and impairing normal development.
padA− is impaired in PstA differentiation
The padA− mutant displays a pleiotropic phenotype. We have
focused on cell differentiation defects during slug formation and in
situ hybridization has shown that ecmA and ecmB expression are
absent from the prestalk region of the slug. We could detect ecmA
expression in padA− mounds at 27 °C (see Supplementary Fig. S2), but
this expression was never observed in the tip and was lost later in
development. According to this result, ecmA:lacZ expression was lost
in padA− slugs, but we detected ecmO:lacZ expression. Besides the
simple explanation of many plasmid copies, another plausible
explanation for this apparent contradiction is that cells expressing
ecmA in padA− mounds at 27 °C, are those cells that will later form
the PstO region. The use of a stable β-galactosidase protein allows its
detection later on during the slug stage. The absence of ecmA:lacZ
expression in the slug together with the accumulation of GFP-
expressing wild-type cells in the front of the chimeric slugs reveals
impairment in PstA formation. Detection of carB:lacZ expression in
the PstA region of padA− slugs developed at 27 °C indicates that PstA-
speciﬁc expression is not completely absent in the mutant. It is
intriguing that carB:lacZ expression seems more intense in the tip, in
the PstA⁎ region (Fukuzawa and Williams, 2000), than in the rest of
the PstA region at the restrictive temperature (Fig. 7B). This result
suggests that subpopulations of PstA cells might not be completely
lost in the padA− mutant, supporting the previously described
heterogeneity of the established PstA, PstO and PstAB regions
(Maeda et al., 2003; Shimada et al., 2004; Yamada et al., 2005). We
propose that PadA is essential for correct PstA differentiation, at least
for a subset of cells in the PstA population.
PadA is an NmrA-like protein
Results from threading experiments show that PadA is a SDR
protein (Jornvall et al., 1995). The conservation of critical residues for
NmrA function in the exact positions in PadA (Fig. 3), together with
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that PadA is an NmrA-like protein. Constitutive expression of
PadAT18V, a mutant protein in a conserved residue essential for
NmrA cofactor interaction (Lamb et al., 2003; Lamb et al., 2004), did
not rescue the padA− phenotype, indicating that the correct function
of PadA during growth and development depends on dinucleotide
binding.
NmrA and Nmr-1, the N. crassa homologue, are negative transcrip-
tional repressors, which interact with GATA factors and modulate
their activity (Andrianopoulos et al., 1998; Fu et al., 1988). The
conservation of residues essential for NmrA interaction with the
GATA-transcription factor suggests that PadA retains this function.
There are 23 predicted proteins that contain GATA-type zinc ﬁngers in
the Dictyostelium genome, one of them, StkA (Chang et al., 1996) is
involved in cell differentiation and could be a candidate to interact
with PadA. StkA regulates the transition of prespore cells to mature
spores but also expression of the prestalk genes ecmA and ecmB,
which are derepressed in the stkA− mutant (Chang et al., 1996;
Loughran et al., 2000).
Ammonia has been shown to function as a morphogen at
multiple steps during development, namely cooperates in the choice
slug/culmination via modulation of PKA (Hopper et al., 1993;
Schindler and Sussman, 1979), and to interfere with the cAMP
relay response and with cell differentiation in monolayers (reviewed
in Gross, 1994). Both ammonium transporters, AmtA and AmtC,
have been shown to be involved in the slug/culmination choice
(Kirsten et al., 2005; Singleton et al., 2006), although their precise
function has not been described. Only recently, AmtA has been
shown to have an essential role in ammonia homeostasis during
vegetative growth (Yoshino et al., 2007). Derepression of both
ammonium transporters during padA− development shows impair-
ment in ammonium signalling/sensing and other ammonium-related
genes could be also deregulated. In fact, NmrA in A. nidulans,
through interaction with AreA, partially controls more than 20 genes
involved in nitrogen metabolism (Andrianopoulos et al., 1998). The
possibility that essential genes for ammonium utilization are dere-
gulated could explain why the padA− mutant cannot grow at the
restrictive temperature.
A new class of transcription regulators is emerging, they are either
metabolic enzymes or homologues and use NAD+, FAD+ and CoA as
cofactors (Shi and Shi, 2004). These transcription regulators might
function as direct sensors of the metabolic state of the cell. NAD+, and
its phosphorylated form NADP+, is an essential molecule in energy
metabolism, also involved in signalling pathways that regulate
fundamental processes, including gene transcription and apoptosis
(Ying, 2006). The ability of NmrA to bind NAD(P)+ and to discriminate
between oxidized and reduced dinucleotides has been linked to a
possible role in redox sensing which will regulate interactionwith the
GATA-transcription factor AreA (Stammers et al., 2001; Lamb et al.,
2003; Lamb et al., 2004). Recently, a human protein of similar
structure has been shown to bind NADP+ and regulate NO synthesis,
creating a molecular link between NO signalling and apoptosis (Zheng
et al., 2007).
We cannot conclude now if PadA is the true functional homologue
of NmrA in Dictyostelium because other 4 proteins present in the
Dictyostelium genome show higher similarity to NmrA (e values
equal or lower that e−12, while e−10 for PadA). We can neither exclude
the possibility that PadA interacts with more than one GATA-
transcription factor or with other type of proteins. Our results show
that integrity of the dinucleotide binding site is essential for PadA
function, suggesting a link between basic metabolism and develop-
ment. We propose that PadA belongs to this group of NAD(P)+-
binding proteins that play a regulatory role by sensing the level of
NAD(P)+. PadA can therefore act as an important modulator of inter-
acting signalling pathways, translating metabolic ﬂuctuations to
changes in gene expression.Acknowledgments
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